& Titanium and its alloys are finding prime applications in industries due to their unique properties. However, the high cost of machining is one of the limiting factors for their widespread use. Tremendous efforts are being made to improve the existing machining processes, and new processes are being developed to reduce the machining cost in order to increase the titanium market. However, there is no report on the systematic study of the effects of machining variables on output parameters in rotary ultrasonic machining of titanium and its alloys. This paper presents an experimental study on rotary ultrasonic machining of a titanium alloy. The cutting force, material removal rate, and surface roughness (when using rotary ultrasonic machining) of a titanium alloy have been investigated using different machining variables.
INTRODUCTION
Titanium is the fourth most abundant metal found in the earth's crust, and the ninth most used metal in industry (1) . Titanium and its alloys are finding prime applications in defense, aerospace, and other industries due to their superior properties (such as high strength, creep strength, stability, fatigue strength, fracture toughness, fabricability, and corrosion resistance at elevated temperatures) (2) .
In 1990, the total market of titanium alloy in the USA and Europe, who consume about 66% of the world's titanium (3), was 25,000 tons and 9,500 tons respectively. Figure 1 shows the proportion of titanium used in 1990 for jet engines, airframes, and industrial purposes in the USA and Europe respectively. Figure 2 shows that there was a gradual increase in the reduce the cost of titanium products. Moreover, composite materials and amorphous alloy are being developed that may replace titanium in many applications (17) (18) (19) (20) . Under these conditions, the survival of titanium in the market and its expansion will heavily depend on reducing the cost of machining (21) . Therefore, it is critically important to search new manufacturing processes that allow machining of titanium and its alloys more cost effectively.
Rotary ultrasonic machining (RUM) is one such machining process. It is a hybrid machining process that combines the material removal mechanisms of diamond grinding and ultrasonic machining. Figure 3 is the schematic illustration of rotary ultrasonic machining. A rotary core drill with metal-bonded diamond abrasives is ultrasonically vibrated and fed toward FIGURE 2 Titanium mill product shipments in the USA (after (1)).
the workpiece at a constant feedrate or a constant force (pressure). Coolant pumped through the core of the drill washes away the swarf, prevents jamming of the drill, and keeps it cool.
Since rotary ultrasonic machining was invented in 1964 (22) , the effects of its control variables (rotational speed; vibration amplitude and frequency; diamond type, size and concentration; bond type; coolant type and pressure; etc.) on its performances (material removal rate, cutting force, surface roughness, etc.) have been investigated experimentally (23) (24) (25) (26) (27) (28) (29) (30) . Efforts have also been made to develop models to predict the material removal rate in rotary ultrasonic machining from control variables (31, 32) . Please note that no work has ever been reported on rotary ultrasonic machining of titanium and its alloys. This paper reports the experimental results on the effects of spindle speed, feedrate, and ultrasonic power on cutting force, material removal rate, and surface roughness during rotary ultrasonic machining of a titanium alloy. The remainder of this paper is organized as follows. The experimental conditions and procedure are described next. Then, experimental results are presented and discussed, followed by the conclusions.
EXPERIMENTAL CONDITIONS AND PROCEDURE

Experimental Setup and Conditions
Machining experiments were performed on a machine of Sonic Mill Series 10 (Sonic-Mill, Albuquerque, NM, USA). The experimental setup is schematically illustrated in Figure 4 . It mainly consists of an ultrasonic spindle system, a data acquisition system, and a coolant system. The ultrasonic spindle system comprises of an ultrasonic spindle, a power supply, and a motor speed controller. The power supply converts 60 Hz electrical supply to high frequency (20 kHz) AC output. This is fed to the piezoelectric transducer located in the ultrasonic spindle. The ultrasonic transducer converts electrical input into mechanical vibrations. The motor attached atop the ultrasonic spindle supplies the rotational motion of the tool and different speeds can be obtained by adjusting the motor speed controller. The fixture to hold the specimens was mounted on a dynamometer that was attached to the machine table. Table 1 shows the experimental conditions. Mobilemet S122 watersoluble cutting oil (MSC Industrial Supply Co., Melville, NY, USA) was used as the coolant (diluted with water at 1 to 20 ratio).
The workpiece material was titanium alloy (Ti-6Al-4V) provided by Boeing Company. The properties are shown in Table 2 . The size of workpieces was 115 Â 85 Â 7.2 mm. Diamond core drills were provided by N.B.R. Diamond Tool Corp. (LaGrangeville, NY, USA). The outer and inner diameters of the core drills were 9.6 mm and 7.8 mm, respectively. The mesh size of the diamond abrasives was 80=100. Three sets of experiments were conducted with three identical tools. Figure 5 illustrates the cutting tool. Three machining variables (spindle speed, feedrate, and ultrasonic power) were Ultrasonic Machining of Titanium Alloys 305 studied at four different levels. One variable was varied at a time while keeping the other two variables constant.
Measurement Procedure
During rotary ultrasonic machining, the cutting force along the feed direction was measured by a KISTLER 9257 dynamometer (Kistler Instrument Corp, Amherst, NY, USA). The dynamometer was mounted atop the machine table and beneath the workpiece, as shown in Figure 4 . The electrical signals from the dynamometer were transformed into numerical signals by an A=D converter. Then the numerical signals to measure the cutting force were displayed and saved on the computer with the help of Lab-VIEW (Version 5.1, National Instruments, Austin, TX, USA). The sampling frequency to obtain the cutting force signals was 100 Hz. A typical curve of cutting force versus time is shown in Figure 6 . The cutting force reported in this paper is the maximum cutting force on the cutting force curve, as illustrated in Figure 6 . The maximum cutting force, not the average cutting force, was selected as one of the variables investigated in almost all the previous studies (33) (34) (35) (36) (37) . It is of the major concern because it determines the maximum stress in the workpiece, the maximum deflection or deformation of the machine, and the damage to the cutting tool. The material removal rate (MRR) in the rotary ultrasonic machining was calculated using the following equation:
where, D out is the diameter of machined hole, D in the diameter of machined rod, d workpiece thickness, and T the time it takes to drill the hole. Figure 7 illustrates the machined hole and rod. Ultrasonic Machining of Titanium Alloys 307 After each drilling test, the cutting tool was removed from the machine for observation under a digital microscope (Olympus DVM-1, Olympus America Inc., New York, USA). The magnification of the digital microscope was from 50 to 200. The topography was observed on both the end face and lateral face of the tool (see Figure 5) . In order to ensure that the same area of the tool surface was observed every time, a special fixture was designed for holding the tool. The position shown in Figure 8 was for observation of the tool lateral face.
The surface roughness was measured on both the machined rod surface and the hole surface after each test with a surface profilometer (Mitutoyo Surftest-402, Mitutoyo Corporation, Kanagawa, Japan).
RESULTS AND DISCUSSION
In this section, the results of the experiments are presented. The software called MICROCAL ORIGIN (Version 6, Microcal Software, Inc., One Roundhouse Plaza, Northampton, MA, USA) was used to process the data. The cutting force, MRR, and surface roughness results are shown in Tables 3, 4 , and 5, respectively.
Effects of Spindle Speed
On Cutting Force
The maximum cutting force vs. spindle speed curve is shown in Figure 9 . The cutting force decreases significantly as the spindle speed increases. These results are consistent with those reported by Jiao et al. (33) for rotary ultrasonic machining of alumina. However, it is interesting to notice that these results are different from those reported by Li et al. (34) . They reported that the spindle speed did not have significant effects on cutting force for rotary ultrasonic machining of ceramic matrix composite materials. Therefore, it can be said that the effects of spindle speed on cutting force vary for different workpiece materials. It is also observed that the rate of decrease in the cutting force decreases when the spindle speed increases. In summary, the spindle speed has significant effects on cutting force; the lower the spindle speed, the higher the cutting force.
On Material Removal Rate (MRR)
The effects of spindle speed on MRR are shown in Figure 10 . It can be seen that the spindle speed has no obvious effects on MRR. This is consistent with the results reported by Jiao et al. (33) for rotary ultrasonic machining of alumina. However, it is interesting to notice that this observation is different from those previously reported by Li et al. (34) . They found that MRR increases as the spindle speed increases for rotary ultrasonic machining of ceramic matrix composite materials. 
On Surface Roughness Measured on the Machined Hole
The surface roughness curve for the machined hole is depicted in Figure 11 . The surface roughness becomes significantly lower as the spindle speed increases. This observation is consistent with those reported by Jiao et al. (33) for rotary ultrasonic machining of alumina. It is also observed that the rate of decrease of surface roughness decreases with the increase in spindle speed. It can be concluded that spindle speed has significant effects on surface roughness on the machined hole.
On Surface Roughness Measured on the Machined Rod
The surface roughness curve for machined rod is depicted in Figure  12 . The surface roughness becomes significantly lower as the spindle speed increases. This observation is consistent with those reported by Jiao et al. (33) for rotary ultrasonic machining of alumina. It is also observed that the rate of decrease of surface roughness decreases with the increase in spindle speed. Compared with the machined hole, the surface roughness observed on the rod is lower. It is concluded that spindle speed has significant effects on surface roughness on the machined rod. 312 N. J. Churi et al.
FIGURE 11
Effects of spindle speed on surface roughness measured on machined hole.
FIGURE 12
Effects of spindle speed on surface roughness measured on machined rod.
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Effects of Feed Rate
On Cutting Force The feed rate has significant effects on cutting force, as shown in Figure 13 . The cutting force increases significantly as the feed rate increases, which is consistent with the observation by Jiao et al. (33) and Li et al. (34) for rotary ultrasonic machining of alumina and ceramic matrix composite, respectively.
On Material Removal Rate (MRR)
As shown in Figure 14 , when the feedrate increases, MRR increases. This is because that, as the feed rate increases, the tool travels faster in downward direction causing an increase in material removal rate. Jiao et al. (33) and Li et al. (34) reported a similar relationship between MRR and feed rate for rotary ultrasonic machining of alumina and ceramic matrix composite, respectively. Thus, even for different material properties, MRR always increases with feed rate.
On Surface Roughness Measured on the Machined Hole
The effects of feedrate on the machined hole surface roughness are depicted in Figure 15 . The surface roughness measured on the hole increases significantly as the feedrate increases. This is consistent with the results from the study of Jiao et al. (33) for rotary ultrasonic machining of alumina. 
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FIGURE 14
Effects of feed rate on MRR.
FIGURE 15
Effects of feed rate on surface roughness measured on machined hole.
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On Surface Roughness Measured on the Machined Rod The effects of feed rate on surface roughness on the machined rod are depicted in Figure 16 . At lower feedrates, there is no significant increase in surface roughness. But at higher feed rates, the surface roughness increases significantly. The comparison of surface roughness values shows that roughness values for the machined rod are lower than those for the machined hole.
Effects of Ultrasonic Power
On Cutting Force The ultrasonic power has significant effect on cutting force, as shown in Figure 17 . Cutting force decreases initially as ultrasonic power level increases and then increases at the higher power level. This observation is different from those previously reported by Jiao et al. factorial design. One of the criteria to use the two-level factorial design is that the range of any factor has to be small enough to ensure that the response within the range is approximately linear.
On Material Removal Rate
The ultrasonic power has no significant effect on MRR, as shown in Figure 18 . The MRR observed at various levels of ultrasonic power is almost constant. This is consistent with the results reported by Jiao et al. (33) . However, it is interesting to notice that this observation is different from that reported by Li et al. (34) . They reported that MRR increased as the ultrasonic power increased for rotary ultrasonic machining of ceramic matrix composites. The difference could be due to the fact that the variation associated with their composite drilling tests was relatively large. Note that, in their report, the significance level (a) for the effect of ultrasonic power on MRR was much larger than those for the effects of spindle speed and feedrate.
On Surface Roughness Measured on the Machined Hole The effects of ultrasonic power on surface roughness measured on the machined hole are depicted in Figure 19 . The surface roughness measured on the machined hole decreases significantly as the ultrasonic power increases. These results are consistent with those reported by Jiao et al. (33) On Surface Roughness Measured on the Machined Rod The effects of ultrasonic power on measured surface roughness measured on the machined rod are depicted in Figure 20 . It is observed that as the ultrasonic power increases, the surface roughness measured on the rod surface decreases significantly.
CONCLUSIONS
In the present paper, the effects of three machining variables (spindle speed, feed rate, and ultrasonic power) on three output variables (cutting force, MRR, and surface roughness) while rotary ultrasonic machining of a titanium alloy are studied. The following conclusions can be drawn from the study:
1. The spindle speed has significant effects on cutting force and surface roughness, but its effects on material removal rate are not significant. Cutting force and surface roughness decrease as the spindle speed increases. 2. The feed rate has significant effects on cutting force, material removal rate, and surface roughness. Cutting force, material removal rate, surface roughness increases significantly as the feed rate increases. 3. The ultrasonic power has significant effects on cutting force and surface roughness, but its effects on material removal rate are not significant. Cutting force decreases initially and then increases as the ultrasonic power increases. Surface roughness decreases as the ultrasonic power increases.
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